A fleet of six 2001 International Class 6 trucks operating in southern California was selected for an operability and emissions study using gas-to-liquid (GTL) fuel and catalyzed diesel particle filters (CDPF). Three vehicles were fueled with CARB specification diesel fuel and no emission control devices (current technology), and three vehicles were fueled with GTL fuel and retrofit with Johnson Matthey's CCRT™ diesel particulate filter. No engine modifications were made.
INTRODUCTION
Gas-to-liquid (GTL) technology has been used for many years to synthesize hydrocarbons from natural gas. Recently, interest has grown in the production of GTL fuels and their emission reduction benefits. Several companies produce or have produced GTL fuels, including Shell, Sasol, ExxonMobil, and others.
Much of the emission data reported have come from short-term studies, where the engine/vehicle has been switched to GTL fuel from conventional diesel fuel for the purposes of collecting emission test results. Upon concluding the tests, the engine/vehicle is then switched back to conventional diesel fuel. Thus, the long-term effect of GTL fuel on engine systems has not been adequately quantified.
FUEL PROPERTY TESTING
Previous studies of GTL diesel fuel do not always list complete fuel properties or test methods. 2 The fuel used in this study was tested to determine physical and chemical properties. In addition, researchers performed elastomer compatibility testing to characterize the impact of GTL fuel on fuel system elastomers.
FUEL PRODUCTION TECHNOLOGY -Shell Global Solutions (US) Inc. provided the fuel that was used for fuel property and emission testing, and on-road use.
The SMDS (Shell Middle Distillate Synthesis) process is well documented, so only a brief description is offered here. 3 The process is illustrated in Figure 1 . The process was developed at Shell Research & Technology Centre Amsterdam and is comprised essentially of three stages:
Manufacture of synthesis gas (hydrogen + carbon monoxide-with a H 2 :CO ratio of approximately two) from natural gas by non-catalytic auto-thermal partial oxidation using, for example, the Shell Gasification Process. Wax synthesis from CO + H 2 by Heavy Paraffin Synthesis (HPS), followed by flash distillation to separate light ends (e.g., liquefied petroleum gas).
Cracking of wax to distillates by Heavy Paraffin Conversion (HPC), where the boiling range and quality of the products can be adjusted to produce either kerosene or atmospheric gas oil (diesel).
A recent modification to this process, designated as SMDS-2 offers an improved HPS (Heavy Paraffin Synthesis) catalyst, which will enable the manufacturers to increase production capacity considerably. In addition, adjusting the severity in the hydrocracking/isomerization (HPC) stage allows control of the n-to iso-paraffin ratio in the final product. 
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FUEL PROPERTY TEST RESULTS -The fuel was tested for a wide range of properties, such as composition, energy content, cold flow properties, and elastomer compatibility. All fuel property testing was performed at Southwest Research Institute in San Antonio, TX.
Except for elastomer compatibility, which will be discussed separately, the test results are compiled in Table 1 . Where applicable, the ASTM D975 specification is also listed.
The fuel composition was tested through elemental testing and hydrocarbon determination. GTL fuel is composed of carbon and hydrogen. The fuel H/C ratio is about 2.1, about 16% greater than conventional diesel fuel. The high H/C ratio is due to the near zero aromatic content of the GTL diesel fuel. 4 As with most GTL fuels, the Shell GTL has near zero sulfur content.
The very low aromatic content and/or the high H/C ratio of diesel fuel have been shown to reduce NO x and PM emissions in previous studies. 5, 6, 7 Thus, testing with GTL fuel is likely to result in reductions in NO x and PM emissions.
Fuel sulfur reductions also result in PM emission reductions, though with diminishing returns as sulfur content becomes very low. 6 In newer technology engines, the near zero sulfur content of GTL fuel may prove more beneficial by enabling sulfur sensitive emission control devices.
GTL fuels have reduced densities compared to conventional diesel fuels, 2 which have been shown to reduce the PM emission in older technology engines. 6, 7 Low density fuels, such as GTL fuel, may alter the fuel mass flow rates. 7 Previous GTL fuel studies have not noted adverse effects on engine operation as a result of the lower fuel density. 9, 10, 11 The cetane number of GTL fuels is most often reported as >74, much higher than conventional diesel fuels. 12 GTL fuel is composed almost wholly of paraffins. Nparaffins are known to have very high cetane numbers, while iso-paraffins have lower cetane numbers. 13 Increasing cetane number has been linked to a decrease or no change in NO x emissions. The effect appears to be depend on engine model year, with a less prominent effect on newer technology engines. 5, 6, 7 Highly paraffinic GTL fuels may have cold flow properties that are not acceptable for operation throughout the United States. The test fleet in this project operated exclusively in southern California (metro Los Angeles area), where the cold flow operability of GTL fuel was not an issue.
Other properties, such as gum, ash, and water and sediment are in line with other diesel fuels and are not expected to impact operations. A reduced T90/T95 temperature has been shown to have a small impact on emissions. 7, 14 For GTL fuel, any impact based on T90/T95 temperature is likely obscured by other fuel properties such as paraffin content and cetane number.
Typically, unadditized GTL fuels have poor lubricities due to a lack of polar molecules, but respond well to additives. 9, 15 The fuel used in this work was additized.
BENCH ELASTOMER COMPATIBILITY TEST RESULTS -Bench scale elastomer testing was used to complement the real-world data gathered from introduction of GTL fuels into a vehicle fleet for many months.
International Truck and Engine Corporation contributed several sets of new elastomers for the compatibility testing. The elastomers were from the DT466 engine and were identical to those found in the study vehicles. The GTL fuel had the properties listed in Table 1 . The commercial CARB specification diesel fuel was a typical diesel fuel meeting CARB diesel specifications. Properties for this fuel are in Table 2 . Elastomer testing included hardness, volume, radial thickness changes, elongation, reversion, bend testing, and sediment observation. Three identical elastomers were used for each test, under each of the three test conditions in addition to a set for the control case (no fuel exposure). The elastomers were in new, unused condition prior to the start of the tests.
1. CARB specification diesel fuel at 60°C for 1,000 hours 2. GTL fuel at 60°C for 1,000 hours 3. CARB diesel fuel at 60°C for 500 hours, followed by GTL fuel at 60°C for 500 hours, 1,000 hours total
The CARB specification diesel fuel exposure followed by GTL fuel exposure was selected to investigate the effect of changing fuels on elastomer properties. The impact of diesel fuel aromatic compounds on the swell of elastomers has been previously documented. 16 Diesel fuel properties may have a lesser effect on fluorocarbon elastomers than gasoline, but investigation is still needed. 17 Four types of elastomers were tested and indicated as A, B, C1, and C2. Elastomer A was a seal, composed of Viton, VA-154-95. Elastomers B and C1 were also seals, composed of Viton, VA-153-90. Elastomer C2 was a cushion, composed of hydrogenated nitrile buna rubber (HNBR). The control results were collected from elastomers not exposed to fuel.
Results of the bench scale elastomer testing are in Appendix A-1. After exposure to the fuel(s), no sediment was recorded for any of the four types of elastomers, nor was any reversion observed. The elastomers also all passed the bend test. The reported hardness changes were minor for all four elastomers under each of the three test conditions. Elastomers A, B, and C1 did not show an appreciable change in volume after exposure to any of the test fuels. Elastomer C2 showed some swelling upon exposure to the CARB specification diesel fuel, likely due to the 22% aromatic content of the fuel. However, no swelling was observed for C2 during exposure to the GTL alone or the CARB specification diesel followed by the GTL fuel.
The radial thickness of the elastomers did not change with exposure to the test fuels. This is an interesting point to note, as elastomer C2 swelled with exposure to the CARB specification diesel fuel. The increase in volume of elastomer C2 was not swelling along the radial axis, but an increase in the height of the elastomer.
A simple statistical analysis was performed on the elongation results. The results were analyzed using a two-tailed t-test, assuming equal variances, at the 95% confidence level. The p-values are shown in Table 3 . Note that the symbol CARB GTL indicates exposure to condition 3 or CARB specification diesel followed by GTL fuel.
There were no significant changes in the elongation of elastomer A, either compared to the control or between the fuels. For the most part, no changes in the elongation of elastomer B were observed. However, between the control and the GTL fuel and the control and the CARB specification diesel, small changes in the elongation for elastomer B were noted. No changes were recorded for C1.
For C2, only one small change was recorded for the CARB specification diesel compared to the CARB GTL exposure. Elastomer C2 showed a higher overall variability compared to the other elastomers, possibly due to the chemical composition of the HNBR. Unfortunately, more detailed information about the degree of hydrogenation and acetonitrile content of C2 is not available.
All four elastomers held up well to the bench testing that was performed in this study. Based on the results from this portion, there was little concern about introducing the GTL fuel to the fleet vehicles. Additionally, no vehicle preparation was performed prior to the switch, such as replacing the elastomers. 
FLEET PROPERTIES
Yosemite Waters in Fullerton, CA provided the study vehicles for this project. The participating vehicles were similar and operated out of a single location. Vehicle and engine specifications are shown in Table 4 .
Each Yosemite Waters vehicle operates on a dedicated 10-day route with varying degrees of city and freeway driving. Thus, the driving characteristics of each vehicle were somewhat unique (see Table 5 ). Also shown in Table 5 are the vehicles selected to operate on CARB specification diesel fuel and the vehicles selected to operate on GTL fuel with the emission control devices.
One factor in designating the vehicles as "baseline" or "test" was the percentage of highway miles. Vehicles 201 and 204 have the lowest percentage of highway miles. If these vehicles were both "baseline" or both "test", the real-world fuel economy might be biased, as lower fuel economy is recorded during city driving. Thus, vehicle 201 was in the "baseline" group and vehicle 204 was in the "test" group. The other vehicles had more similar percentages of highway miles and were divided so that consecutive vehicle numbers were in the same category (i.e. 201, 202, and 203 were baseline).
EMISSION CONTROL DEVICES
The test vehicles were operated on GTL fuel for at least two weeks prior to installing the emission control devices to ensure no residual CARB specification diesel fuel remained in the fuel system.
Johnson Matthey supplied the emission control devices-CCRT filters (Catalyzed Continuously Regenerating Technology). The CCRT filter is a diesel oxidation catalyst followed by a wall-flow catalyzed soot filter. 22 Testing has shown that the CCRT filter has good low temperature performance.
The good low temperature performance was an important characteristic in selecting the CCRT filter for this project. Because vehicle 204 had a low percentage of highway miles compared to the other fleet vehicles and subsequently, a low average exhaust temperature (average exhaust temperature ~ 210°C), it was selected to be the first vehicle retrofit.
The exhaust temperature and pressure of vehicle 204 was monitored for several months to insure the filter performance was acceptable. Exhaust pressure and temperature histograms collected over several months showed stable filter operation. After analyzing this data, vehicles 205 and 206 were retrofit as well.
DATALOGGER RESULTS
On-board dataloggers were used to evaluate the efficacy of the CCRT filters by continuously measuring exhaust backpressure and temperature over the road.
As shown in Table 5 , vehicle 204 travels on the highway 61% of the time during its 10-day route. Of the three test vehicles, the average exhaust temperature of this vehicle is expected to be the lowest. The peak exhaust backpressure data can be used to show if filter performance is deteriorating over time. As the filter becomes plugged, the peak backpressure should increase. Figures 5, 6 , and 7 illustrate the peak backpressure for Yosemite Waters vehicles 204, 205, and 206. The backpressure has been very constant over the study period, indicating good filter operation. 
CHASSIS EMISSION COLLECTION
West Virginia University collected chassis exhaust emissions for the six study vehicles. The West Virginia University Transportable Vehicle Emissions Testing Laboratories were constructed to gather emissions data from in-use heavy-duty vehicles. Detailed information pertaining to the design and operation of the laboratories has been previously published. 18, 19, 20 Each laboratory is based around two trailers, one trailer contains rollers, flywheels, and power absorbers for the dynamometer function, and the second trailer houses the controls and emissions measurement equipment. The vehicle to be tested is driven onto the chassis dynamometer and positioned on two sets of rollers ( Figure 8 ). The outer wheels of the dual wheel set on each side of the vehicle are removed and replaced with hub adapters that couple the drive axle directly to the dynamometer units on each side of the vehicle. (See Figure 9 ).
Each dynamometer unit consists of a power absorber and a set of selectable flywheels, which consist of a series of discs to allow simulation of an inertial load equivalent to a gross vehicle weight of up to 60,000 pounds in 250 pound increments. During the test cycle, torque cells and speed transducers in the power absorber drive train measure the vehicle load and speed. The vehicle can be driven through a wide range of available computerized test cycles to simulate either transient or steady state driving conditions. The exhaust from the tail pipe of the test vehicle is ducted to a full-scale dilution tunnel measuring 45cm in diameter and 6.1m in length. The exhaust is mixed with air and the quantity of diluted exhaust is measured precisely by a critical flow venturi system (CVS).
The diluted exhaust is analyzed using non-dispersive infra-red analyzers for CO and CO 2 , and chemiluminescent detection for NO X . Hydrocarbons are analyzed using a heated flame ionization detector. The gaseous data are available as continuous concentrations throughout the test, and the product of concentration and dilution tunnel flow are integrated to yield emissions in units of grams per mile (g/mi). Particulate matter is collected using 70-mm fluorocarbon coated glass fiber filter media and is determined gravimetrically. Fuel efficiencies are determined using a carbon balance and exhaust emissions data.
Vehicles were tested over a two-week period in December 2003. The test matrix is shown in Table 6 . Testing was conducted over two cycles-the City Suburban Heavy Vehicle Route (CSHVR) and the New York City Bus Cycle (NYCB). The cycles designated by (2) indicate the cycle was run as a "double". In a "double" cycle, the original test cycle is run twice, backto-back without interruption, on a single set of filter media. This ensures that an adequate mass of PM is collected for measurement.
The CSHVR cycle, shown in Figure 10 , is a highly transient cycle with about 10% of the cycle spent at idle conditions. In contrast, the NYCB cycle ( Figure 11 ) spends over 65% of the cycle at idle, with much less transient driving. These cycles were selected to test the fuel and emission control systems over a highly transient and a stop-and-go type cycle (CSHVR and NYCB, respectively). Figure 10 . Schematic of CSHVR driving cycle. The error bars on the following figures are one confidence interval. The error bars on these figures were generated from the estimated emissions as part of the statistical analysis described in Appendix A-3. Statistical significance of the emission results will be presented later in this paper. Statistical significance of the emissions should not be estimated by overlap of the error bars presented in the figures.
REGULATED EMISSIONS
CSHVR cycle -Tests conducted with the CARB specification diesel fuel served as the baseline for these results. Changing to GTL fuel (no filter or engine out) from the CARB specification diesel fuel resulted in reductions of all regulated emissions. HC and CO emission reductions were 58% and 10.6%, respectively (see Figure 12) .
A 33% reduction in the PM emission was recorded.
Researchers expect that the reduction in the PM emission was due to a reduction in the soot portion of the PM, as noted in previous work. 21 A NO x emission reduction of 8.8% was observed with the GTL fuel (engine out) compared to the CARB specification diesel fuel (engine out). This reduction is in line with previous estimates for GTL fuel in diesel engines. With the CCRT filter, the NO x emissions were reduced 14% compared to CARB specification diesel fuel tests. This reduction is likely due to conversion of a small amount of NO 2 to N 2 over the filter. NYCB Test Results -As with the CSHVR cycle, all results are compared to the CARB specification diesel fuel baseline. Over the NYCB cycle, there was no change in the CO emission (+0.81%), but large reductions in HC and PM emissions (69% and 23%, respectively). The NO x emissions were reduced by 13% over the NYCB cycle. The emissions results are illustrated in Figure 13 .
The effect of the GTL fuel and the CCRT filter on emissions was significant. HC and CO emissions were reduced to below detection limits. A 97% reduction in the PM emission was recorded. A slight additional NO x decrease was detected (17% reduction compared to baseline), attributed to the NO 2 to N 2 conversion. The NO 2 emissions were calculated using a dual NO x analyzer method. The method employs two unique NO x analyzers, one operated in the NO x mode, while the other analyzer operates in the NO mode. The difference between NO x emission and NO emission is the calculated NO 2 emission. The technique and limitations have been previously described. 23 In Figures 14 and 15 , the shaded bar on the left represents the calculated NO 2 emission, while the solid bar on the right shows the NO x emission. The error bars are the confidence interval, as described above.
CSHVR CYCLE - Figure 14 presents the NO x and calculated NO 2 emissions from the Yosemite Waters vehicles over the CSHVR cycle. As illustrated in the figure, the calculated NO 2 for the testing without the CCRT filter is similar for the CARB specification diesel and GTL fuels and is a very small portion of the total NO x emission. A substantial increase of almost 50% of the NO x emission in the calculated NO 2 emissions is observed with the CCRT filter.
The increase in calculated NO 2 with the CCRT filter was expected. These types of emission control devices continuously oxidize NO to NO 2 , which reduces the exhaust temperature needed to regenerate PM collected on the filter. With the very low average exhaust temperatures of this fleet, a highly active emission control device was selected, which is very active for NO 2 production. CSHVR Cycle -The fuel economy is calculated from the CO 2 emission and reported in miles per gallon (mpg). As shown in Figure 16 (CSHVR Cycle), there is very little difference between the fuels, with or without the emission control devices. The error bars on the following figures are one confidence interval, using the methods previously described and in Appendix A-3.
NYCB Cycle - Figure 17 presents the fuel economy for the vehicles over the NYCB cycle. As with the CSHVR cycle, the measured fuel economy does not change with GTL fuel, with and without the CCRT, compared to the CARB specification diesel. 
STATISTICAL ANALYSIS OF EMISSION RESULTS
A rigorous statistical analysis of the emission results was performed to determine the significance of the emission reductions observed with the GTL fuel with and without the CCRT filter compared to the CARB specification diesel fuel. A detailed analysis of the statistical method is in Appendix A-3.
CSHVR Cycle -The statistical analysis shows that although there is a NO x reduction of almost 9% with the GTL fuel (no filter), this difference is not statistically significant at the 95% confidence level. The CO and PM emission reductions are also not significant at the 95% confidence level, although the HC emission reduction is significant. There was no impact on the fuel economy with the GTL fuel and/or the CCRT filter compared to the CARB specification diesel fuel.
As expected, the CCRT filter and the GTL fuel caused significant reductions in the HC, CO, and PM emissions. The small additional NO x reduction observed with the filter was not significant, compared either to the CARB specification diesel fuel or the GTL fuel without the filter.
The calculated NO 2 emissions were increased significantly with the CCRT filter, compared to both the CARB specification diesel and the GTL fuel without the filter. This result was expected. Calculated NO 2 emissions for the CARB specification diesel fuel, no filter, and the GTL fuel, no filter, were not calculated. The dual-NO x analyzer technique employed in this work was not sufficiently robust to distinguish between the very low levels of NO 2 emitted from vehicles without emission control devices. Table 7 shows which emission reductions are significant based on this analysis. "Yes" indicates that the change between fuel and/or filter technology is significant at the 95% confidence level, while "No" indicates the change is not significant. "NA" means that no comparison was possible. The directional arrows indicate whether the second fuel/filter combination increased ( ), decreased ( ), or made no change ( ) in the emissions. NYCB Cycle -The NO x emission reduction that was observed with the GTL fuel, no filter, over the NYCB cycle was statistically significant (13%). When comparing the emissions of the CARB specification diesel fuel and the GTL fuel, both without the filter, only the HC emission reduction was also significant (PM and CO emission reductions were not significant). The fuel economy over the test cycle did not change significantly with the GTL fuel compared to the CARB specification diesel fuel.
With the GTL fuel and the CCRT filter, all the emissions were reduced significantly compared to the CARB specification diesel fuel. The same results were observed when comparing the GTL fuel with and without the filter -all the emission reductions were significant at the 95% confidence level. Again, the fuel economy did not change significantly.
As with the CSHVR cycle, the calculated NO 2 increased significantly with the CCRT filter, compared to testing without the filter. Statistical significance of the CARB/No filter and GTL/no filter was not tested due to the lack of robustness of the analysis technique for calculated NO 2 emissions.
In the same format at Table 7, Table 8 shows the emission reductions over the NYCB cycle. Again, "NA" indicates that no comparison was made for these pollutants.
It should be noted that these results are only for this vehicle fleet, tested over the CSHVR and NYCB cycles. 
CONCLUSIONS
Six 2001 International Class 6 trucks were selected for an operability and emissions study. Three vehicles were "baseline" vehicles, tested with CARB specification diesel fuel and no emission control devices. Three vehicles were operated on GTL fuel and retrofit with Johnson Matthey CCRT filters.
Prior to introduction into the fleet, the GTL fuel used in this study was subjected to extensive bench scale fuel property testing. The GTL fuel met or exceeded the ASTM D975 property specifications for low-sulfur diesel fuel.
Bench elastomer compatibility results showed that the fuels affected the elastomers equally. The results from the testing did not indicate potential problems when changing from CARB specification diesel fuel to GTL fuel. The change from CARB specification diesel fuel to the GTL fuel in the test vehicles was an overnight switch, with no vehicle preparation. No reports of elastomer compatibility issues (leaks, more frequent hose replacement, etc.) have been raised since the fuel change.
Once the vehicles were operating on GTL fuel, they were retrofit with Johnson Matthey CCRT filters. The vehicles were then put back into normal fleet operation. Data from on-board dataloggers show stable filter operation over the study period.
Chassis dynamometer emission testing was used to quantify the emission reductions with the GTL fuel and the CCRT filters. The GTL fueled vehicles were tested with and without the CCRT filters. Results show that:
• The GTL fuel (no filter) reduced regulated emissions over the CSHVR and NYCB cycles, compared to CARB specification diesel fuel. Emission reductions over the CSHVR cycle were 58% for HC, 10% for CO, 8% for NO x , and 33% for PM. Only the HC emissions reductions were significant at the 95% confidence level.
Emission reductions over the NYCB cycle were 69% for HC, 13% for NO x , and 23% for PM. A slight CO increase was noted (0.8%). The NO x and HC emissions reductions were statistically significant.
The fuel economy did not change significantly over either test cycle, with any of the changes in fuel and/or emission control technologies.
• By combining the GTL fuel with the CCRT filter, even larger emission reductions were observed over both test cycles.
Emission reductions were over 99% for HC, CO, and PM, with a NO x reduction of 14% for the CSHVR cycle. Significant emission reductions were observed for the HC, CO, and PM.
Testing over the NYCB cycle with the CCRT filter resulted in reductions greater than 97% for HC, CO, and PM. NO x emissions were reduced were 17%. At the 95% confidence level, reductions were statistically significant for HC, CO, PM, and NO x .
As expected, the CCRT filter increased the calculated NO 2 emissions from very low to almost 50% of the total NO x emission, regardless of test cycle. The increase in calculated NO 2 emissions was statistically significant for both the CSHVR and NYCB cycles.
The Yosemite Waters vehicles operated on GTL fuel with the CCRT filters through July 2004, accumulating between 10,000 and 24,000 miles. The fleet has not reported any problems with the change from CARB specification diesel to GTL fuel and the CCRT filters. To quantify the fleet experience, a thorough analysis of the maintenance records will be performed and reported in a future publication. 
